Background
At that time, ductility was primarily expressed through measurements of elongation and reduction of area in a tension test. Ongoing testing and everyday experience illustrated that the ability of a metal to tolerate deformation without fracture was usually enhanced by increasing temperature and by decreasing rate of deformation. It was also recognized that ductility was strongly dependent on the size and amount of particles or precipitates dispersed throughout the material. Increasing volume fraction of particles drastically reduces tensile ductility (Ref 2) by providing sources for void initiation, which then grow and coalesce into cracks with increasing plastic deformation.
Process engineers further understood that tensile stresses, or better yet, hydrostatic tension, played a strong role in fracture during metalworking processes. Pioneering work by Bridgman (Ref 3) during WWII showed that deforming materials under high superimposed hydrostatic pressure dramatically enhanced their ductility, so it was presumed that hydrostatic tension would have the opposite effect. It was further recognized that secondary tensile stresses occur in generally compressive processes, such as the hoop stress due to barreling in axial compression of a cylinder. However, plasticity theory was in its infancy and not yet available in convenient form for everyday practitioners to determine the detailed stress and strain conditions throughout a workpiece undergoing practical metalworking operations.
Early "models" of fracture in metalworking processes assembled these data for a given material, which was expressed through:
Tabulations (both mental and on paper) of the ranges of temperature and deformation rate at which cracking was likely Sketches of crack locations in various processes ( Fig. 1) , with guidelines (again, both mental and on paper) on their prevention Experience-based knowledge was the foundation of predictive models for process design to avoid defects. Today (2009), such experiencebased knowledge is supplemented by analytical methods using models of fracture to provide a more reliable approach to troubleshooting fracture problems in processes, or to design a process to avoid fracture.
Physical modeling of processes, using soft materials such as plasticene (nonhardening clay) or lead, became popular in the evolution of plasticity analysis. Grid lines were placed on the model material, which was then formed by low-cost tooling that represented the actual process of interest. The deformed grid lines then revealed the pattern of deformation and strains occurring at various points throughout the workpiece. Compressed plasticene cylinders with internally gridded meridian planes were used to determine the degree of inhomogeneity due to various lubrication conditions (Ref 4, 5) , and lead billets with internally gridded planes were used to understand the inhomogeneity of . Plasticene and copper specimens with grid lines were used to interpret the complex distribution of strains in shear spinning (Ref 8) . Plasticene with small, embedded metal cylinders has also been used to visualize the localized deformation around inclusions leading to void initiation, growth, and coalescence in ductile fracture (Ref 9) . Translation of the strain measurements into stress distributions was accomplished by development of the visioplasticity method. Measured grid displacements were first transformed into strain-field calculations, and the Levy-Mises plasticity equations were then used to calculate the accompanying stress fields (Ref 10) . This method proved tedious but did provide some important insights into the critical stresses in the vicinity of crack formation. Modern tools for digitizing images would streamline the visioplasticity method today, but its use is superseded by computerized finite-element analytical methods, as discussed later.
The slab method of analysis is of little help in modeling fracture during plastic deformation processes because it considers deformation to be homogeneous through the thickness of the workpiece, and it is clear that nonuniformity of deformation is a key ingredient leading to stress states favorable to fracture. Nevertheless, the method has been used to interpret fracture conditions during compression of fiberreinforced composite plates (Ref 11) . As shown in Fig. 2 , compression of a composite plate (25 vol% stainless steel wire in a 6061 aluminum matrix) perpendicular to the fiber direction leads to void formation around the fibers near the plate ends. During compression of a plate, the lateral pressure, q, and normal pressure, p, increase toward the lateral central axis of the plate (Fig. 3) ; the rate of increase depends on the lumped parameter mL/h, where m is the coefficient of friction, and L and h are the instantaneous length and height of the plate. Comparing the lateral positions of the voids with the local stresses calculated by the slab method, the ratio of lateral pressure to vertical pressure, q/p, required to prevent void formation was calculated. Figure 4 shows the experimental results for 20% compression and various forging parameters mL/h. Repeating the tests for various degrees of compression, a forming limit was determined for the composite (Fig. 5) .
The upper-bound method of analysis was developed primarily to provide a quick determination of the pressures required in various metalforming operations (Ref 12) . Based on equating the external work done to the energy dissipated by an assumed flow field in the workpiece, its first manifestation considered rigid rectangular, triangular, or trapezoidal blocks separated by lines of velocity discontinuity. The method involves searching for the pattern of blocks to represent metal flow that minimizes the overall deformation energy and thus the forming load. While the method is not useful in determining localized stresses for prediction of crack formation, it can be used to determine the process conditions likely to produce defects. Johnson and Kudo (Ref 13) showed that in a double forging/extrusion operation, a flow field that assumed cavity formation at the centerline (known as central burst) would lead to the lowest forming load under certain geometric conditions (Fig. 6 ). Avitzur (Ref 14) later extended the upper-bound method by using continuous functions to represent the flow field and applying optimization techniques to determine the flow functions that minimize the energy of dissipation. Perturbations can be incorporated in the flow functions to simulate defect formation. In some situations, the external work required to create the flow field with defects is lower than the work required for sound flow, as shown in Fig. 7 for wiredrawing. The calculated external applied load (drawing force) is plotted along the vertical axis as a function of die half-angle. For angles less than a 1 , sound flow occurs, and for angles greater than a 2 , sound flow occurs with a dead-metal zone forming at the die. Between these two limits, however, a flow field allowing for central burst formation requires a lower load than either of the sound flow modes. Therefore, in this range of die angles, a necessary condition for central burst cracking is satisfied. Repeated calculations using the upper-bound method provide the combinations of die angle and reduction that cause central burst (Fig. 8) for various m factors (0 < m < 1.0) representing friction along the die surfaces. For a given value of friction, internal cracking is predicted to occur for die angle and reduction combinations below the line, and no defects occur above the line. Note that, for a given die angle, one approach to avoid central burst is to increase the reduction! This example is a clear illustration of the role of process parameters (in this case, geometric conditions) in the occurrence of fracture. It should be repeated that the upper-bound method for defect prediction gives only a necessary condition. The strain-hardening and strain-rate-hardening characteristics of the material can be included in the analysis, but the material microstructural characteristics are not included. Therefore, when operating in the central burst range illustrated in Fig. 8 , fracture can occur; whether or not it will occur depends on the material structure (voids, inclusions, segregation, etc.). Experimental validation of the forming limits in Fig. 8 showed that, of 500 extrusions in the central burst zone, 4.5% of the parts had central burst, while none of 500 extrusions in the safe zone showed central burst (Ref 17) .
Slip-line field analysis provides a geometric method for calculation of stress states in plastic deformation processes, particularly the hydrostatic stress state. While strictly applicable only to non-work-hardening material and planestrain deformation, the method provides useful insight into the role of deformation process geometric conditions on the potential for fracture and its location in the workpiece. For example, double indentation by flat punches is a classical problem in slip-line field analysis, illustrated in Fig. 9 for various ratios of workpiece height to punch width, h/b. Boundaries of the deformation zone change as h/b increases. For h/b < 1, the deformation region is spread over an area nearly as large as the punch width. When h/b > 1, the deformation zone meets the centerline at a point. For any configuration, the punch pressure and the hydrostatic stress at the centerline can be calculated by traditional slip-line field analysis (Ref 19) . Figure 10 shows that both punch pressure and centerline hydrostatic stress increase with increasing h/b. The critical geometry is h/b = 1.8 because the hydrostatic stress becomes tensile for h/b ratios greater than this value. The tooling arrangement and deformation geometry in Fig. 9 approximates several other metalworking processes, including rolling, drawing/extrusion, and open-die forging (Fig. 11) . For similar h/b ratios in these processes, the stresses throughout the deformation zone can be approximated by those calculated from slip-line analysis for double indentation. The results of slip-line field analysis for double indentation can be applied to prediction of central burst in drawing and extrusion. For example, in extrusion or drawing, h/b is approximated by:
where a is the die half-angle, and R is the area reduction. Taking h/b = 1.8 as the critical ratio at which the centerline hydrostatic stress becomes tensile, the relationship between a and R can be calculated. The result is shown in Fig. 12 along with the similar relationship predicted by the upper-bound analysis (Fig. 8) .
The correlation is remarkable in view of the dissimilarity in die shape between extrusion and double indentation. The similarity in results shown in Fig. 12 indicates that the flow mode for defect formation in the upper-bound method is physically equivalent to the development of tensile hydrostatic stress at the centerline. various copper alloys, followed by extensive optical metallography. Results showed that hydrostatic tension at the centerline exclusively led to void formation and slight density reduction, while hydrostatic compression led to zero or slight density increase (Fig. 13 ).
Fracture Criteria
The fracture models described previously, while providing useful insights, are approximate in their determination of the process or material conditions leading to fracture. They rely primarily on the expectation that hydrostatic tension is the major culprit leading to fracture but do not address the role of any material characteristics.
Modern finite-element analytical techniques have advanced in four decades from simple linear structures to nonlinear rigid-plastic analysis to elastic-plastic analysis of anisotropic, workhardening, strain-rate-sensitive materials in complex three-dimensional, large-strain processes. As a result, they are capable of providing detailed, fine-granularity maps of all components of the stress and strain tensors and their combinations, as well as scalar temperatures and their vector gradients, throughout the history of a deformation process. Accurate prediction of fracture during metalworking processes, then, should be accomplishable by inserting a criterion of fracture that faithfully represents the behavior of the material of interest.
General observations of ductile fracture in metalworking can be distilled to two universal conclusions:
Tensile stress and plastic deformation constitute necessary ingredients for fracture, and control of these localized conditions through modification of the global process parameters (die geometry, workpiece geometry, and friction) can restrain the occurrence of fracture ( Ref 1, 3, 11, 13, [20] [21] [22] [23] [24] . Ductile fracture involves the generation, growth, and coalescence of voids, and this sequence of events is dependent on the microstructure and deformation mechanisms prevalent in the material, as well as the localized conditions of stress and deformation (Ref 1, 2, 25-27).
A criterion of fracture for use in finite-element analyses should include these effects implicitly, if not explicitly.
A suitable validation standard should be established for evaluation of the various criteria. Tension testing is not suitable because it produces one basic stress state rather than the variety experienced in metalforming operations. The upset test on cylinders, on the other hand, can generate a variety of stress states on its cylindrical surface through changes in workpiece geometry and interface friction conditions. In addition, a wealth of information is available on this test through research by a number of investigators .
Upset compression testing has become a standard for workability evaluation. As shown in Fig. 14, a range of strain combinations can be developed at the cylindrical free surface simply by altering friction and geometry conditions. The influence of friction and consequent bulging on circumferential tensile stress development is clearly shown in Fig. 15 . Compression with friction produces circumferential tension that leads to fracture, while frictionless compression prevents barreling, tension, and cracking. Stresses at the cylindrical surface of the upset cylinder are related to the surface strains by:
where l ¼ e=s is the ratio of effective strain to effective stress. For frictionless (homogeneous) compression, e 1 = À½ e 2 , so the circumferential stress s 1 is zero. That is, for frictionless compression, the stress state is purely compressive (i.e., s 2 = ÀY, the material flow stress), and the hydrostatic stress is ÀY/3. For larger absolute ratios of strain, the localized circumferential stress becomes more tensile, while the axial compressive stress becomes less compressive.
Alterations of the compression test geometry have been devised to extend the range of surface strains available toward the vertical, tensile test specimens. Test specimens are essentially prebulged by machining a taper or a flange on the cylinders (Fig. 16 ). Compression then causes lateral spread of the interior material, which expands the rim circumferentially while applying little axial compression to the rim. Therefore, the tapered and flanged upset test specimens provide strain states consisting of small compressive strain components. Each combination of height, h, and thickness, t, gives a different ratio of tensile to compressive strain. The strain states developed at the surfaces of straight, tapered, and flanged compression test specimens are summarized in Fig. 17 .
The variety of strain combinations available in compression tests offers the possibility for material testing over most of the strain combinations that occur in actual metalworking processes. A number of samples of the same material and condition are tested, each one under different friction and geometry parameters. Tests are carried out until fracture is observed, and the local axial and circumferential strains are measured at fracture. Figures  18 to 20 give some examples of results for AISI and SAE 1045 carbon steel, 2024-T351 aluminum alloy at room temperature, and 2024-T4 alloy at a hot-working temperature (Ref 28) . In some cases, the fracture strains fit a straight line of slope À½; in others, the data fit a dualslope line with slope À½ over most of the range and slope À1 near the tensile strain axis. Similar data have been obtained for a wide variety of materials. In each case, the straight-line behavior (single or dual slope) appears to be characteristic of all materials, but the height of the line varies with the material, its microstructure, test temperature, and strain rate. The nature of the fracture loci shown in Fig. 18 to 20 suggests an empirical fracture criterion representing the material aspect of workability. The strain paths at potential fracture sites in material undergoing deformation processing (determined by measurement or mathematical analysis) can then be compared to the fracture strain loci. Such strains can be altered by process parameter adjustment, and they represent the process input to workability. If the process strains exceed the fracture limit lines of the material of interest, fracture is likely.
Fracture models have been devised in an attempt to derive a fracture criterion. Most models are based on the concept of void nucleation and growth to coalescence along bands of high shear stress, as depicted in Fig. 21 Figure 22 shows a plot of the predicted strain locus at fracture by the McClintock model. The predicted fracture strain line has a slope of À½ over most of its length, matching that of the experimental fracture line. Near the tensile strain axis, the slope of the predicted line is À1, matching that of actual material results shown in Fig. 19 and 20 .
In sheet forming, the observation that a neck forms before fracture, even under biaxial stress conditions in which localized instability cannot occur, has prompted consideration of the effects of inhomogeneities in the material. For example, a model of localized thinning due to a small inhomogeneity has been devised ( Ref 37) . Beginning with the model depicted in Fig. 23 , plasticity mechanics is applied to determine the rate of thinning of the constricted region, t B , in relation to that of the thicker surrounding material, t A , in region A. When the rate of thinning reaches a critical value, the limiting strains are considered to have been reached, and a forming-limit diagram can be constructed. The analysis includes the effects of crystallographic anisotropy, work-hardening rate, and inhomogeneity size, t B /t A .
The R-Z-Models. The Marciniak Kuczynski model (Ref 37) was applied to free surface fracture in bulk-forming processes because of evidence that localized instability and thinning also precede this type of ductile fracture (Ref 38) . Two model geometries were considered, one having a groove in the axial direction (Z-model) and the other having a groove in the radial direction (R-model), as shown in Fig. 23 . Applying plasticity mechanics to each model, fracture is considered to have occurred when the thin region B, t B , reduces to zero thickness. When the fracture strains are plotted for different applied stress ratios, a fracture strain line can be constructed. As shown in Fig. 24 , the predicted fracture line matches the essential features of the experimental fracture lines (Fig.18 to 20) . The slope is À½ over most of the strain range and approximately À1 near the tensile strain axis.
For both the R-and Z-models shown in Fig. 23 , the applied strain ratio during any increment of deformation will be defined as:
This gives an increment in equivalent strain in region A, the matrix material: ) and an applied stress ratio, from the LevyMises equations, of: (Fig. 14) , tapered, and flanged ( Fig. 16 ) edge profiles. The ranges shown are approximate, and they may overlap a small amount. The equivalent stress in region A is then:
The radial stress is taken to be zero because each model applies to an element at or near the surface. In region B, the groove, equilibrium gives:
where f = t B /t A Assuming s z is the same in regions A and B:
then the equivalent stress in region B is:
Now combining Eq 6, 7, and 9:
Using the relation between equivalent stress and equivalent strain, s ¼ C e n , the equivalent stress in Eq 10 is eliminated, giving:
Evaluating Eq 11 for each increment in deformation gives d e B , the increment of effective strain in region B. Then, from the Levy-Mises equations, the incremental strains in region B are:
(Eq 12)
(Eq 13)
The change in thickness ratio, f = t B /t A , for the R-model is given by: ) and for the Z-model:
This prescribes a new value of f, which, along with the appropriate value of K, is used to calculate the strains for a new increment of deformation using Eq 12 to 14. It can be expected that the R-model will lead to thinning of the groove for any value of K < 2.0, because the resulting tensile stress, s y , will produce greater thinning than would naturally occur under the axial compressive stress, s z . At K = 2.0, no circumferential tensile stress occurs, and both regions A and B thin the same amount under the axial stress (df = 0). The Z-model will lead to thinning for 0 K < 1.0. In this domain, s y is greater than |s z |, and the Poisson contraction in the radial direction in the groove due to tensile stress, s y , will be greater than the Poisson extension due to compressive stress, s z . At K = 1.0, these effects balance so that no thinning occurs, and for K > 1.0, the groove increases in thickness more rapidly than the matrix (df > 0).
The calculation procedure for the model of localized thinning is relatively simple and can be used to give the strains and f-value explicitly. Calculations in this study were performed on a programmable desk-top electronic calculator. A typical result of the variation of f during deformation is given in Fig. 25 .
In an attempt to use these models to predict the forming limits in upsetting of cylinders, calculations were performed on both the R-model and Z-model for values of K ranging between 0 and 2.0. Prestrain (E 0 ) was taken as 0.1, and two different n-values (0.1 and 0.25) were used. Initial f 0 values of 0.8, 0.95, and 0.99 were also used. Calculations were terminated when f became zero, which is taken as the limiting condition of fracture (Ref 39 to the microstructure (microvoid formation, void growth and coalescence) by tensile stresses and plastic deformation so that when it reaches a critical value, C, fracture occurs. This criterion was extended to cover the case of a simple compression. The strains involved in upsetting a cylinder-the basic test used in experimental determination of fracture linesare illustrated in Fig. 26 . In this case, the circumferential stress, s y , is the maximum tensile stress, that is, s* in Eq 17.
If the stress ratio is defined as: ) and the imposed strain ratio is:
then from the Levy-Mises equations: Assuming the power strain-hardening law is valid during the deformation:
where s is the equivalent stress, e is the equivalent strain, K is the stress at e ¼ 1:0, and n is the strain-hardening exponent.
The relationship between equivalent strain and the individual strains can be written as:
From this equation, and Eq 19, e can be written in terms of e y and a. The expression involving e, e y , and a is:
From Eq 17, 21, and 24, the following equation was obtained:
The value of C can be determined from Eq 25 after integrating and solving for e yf . For strain ratio a = 0, the plane-strain case, e yf is equal to the intercept of the fracture line, a. Then:
where a is the intercept on the e y axis of the fracture line, k is the stress at e ¼ 1:0, and n is the strain-hardening exponent.
The value of the intercept, a, for various materials was determined experimentally. For 1020 steel and 1045 steel, a was found to be 0.32 and 0.29, respectively. Figure 27 shows that the fracture strain line predicted by the Cockroft-Latham criterion, Eq 17, also is in reasonable agreement with the experimental results. The height of the predicted fracture line is determined by experiment, such as a tension test, rather than by speculation on a material inhomogeneity strength. Figure 27 shows that the fracture strain line predicted by the Cockcroft-Latham criterion is also in reasonable agreement with experimental results. This criterion does not show the dualslope behavior of the previous models and some actual materials. However, the correspondence between the Cockcroft-Latham criterion, the fracture model-based criteria, and the experimental data shows that all of the criteria are generally in agreement with the overall nature of surface strains at fracture in upset compression tests. In addition, the Cockcroft-Latham criterion (Eq 17) is the easiest to implement in a finite-element analysis code.
To be a truly useful fracture model, however, the criterion must be applicable to all conditions in metalworking processes, not just the surface fracture in compression tests. Mathematically, the criterion can be extended to threedimensional stress states by imposing a pressure, P, on the free surface. This has the effect of applying a hydrostatic pressure, P, to all directions because, to maintain yielding and the same strain state, the other two stresses must increase by the magnitude P as well. Then, the forminglimit line becomes modified, as illustrated in Fig. 28 . For superimposed pressure (P > 0), the fracture line increases in height and its slope increases slightly. For superimposed tension (P < 0), the height of the fracture line decreases and curves downward.
The effect of hydrostatic pressure on fracture has been studied extensively.
It has been shown that superimposed pressure increases fracture strain for various materials and test methods. Under high hydrostatic pressure, even brittle materials such as marble have been made to flow plastically.
The fracture model of Lee and Kuhn (Ref 39) can be modified to include hydrostatic pressure and thus determine its effect on the fracture strain line.
The Cockcroft-Latham criterion is modified to include the effects of superimposed hydrostatic pressure, because it has been shown that this criterion agrees well with experimental data for free surface fracture. The Cockcroft-Latham criterion (Eq 17) proposes that fracture will occur when the critical value, C, is reached.
Modifications to the criterion are made as follows. The deformation strain path for the region where fracture occurs is taken to be linear: 27) where de r and de y are increments of strain in the radial and circumferential directions, respectively. For each increment of deformation, the equivalent strain increment is:
Individual strain increments can be expressed in terms of stresses by means of the Lèvy-Mises equations:
Equations 27, 29, and 30 are combined to form:
Substituting Eq 28 for the value of de yields: It can be assumed that, as shown in Fig. 28 , the z-plane is a free surface, and normal pressure P is applied to it. The effect of normal pressure P is to increase the pressure in all three directions; in other words, it increases the hydrostatic pressure level. Note that the first terms of Eq 33 and 34 are the same as those for deformations without an applied pressure for given value of a, and s z appears as an addition in each equation.
From Eq 27 and 33, the Cockcroft-Latham criterion can be modified for superimposed hydrostatic pressure, P, by taking s* = s r as: ) where e rf is the radial strain at fracture. For the model material under study, from previous experimental data for K, n, and e rf at a = 0 (plane strain), C was calculated. Then, e rf was calculated for various values of a between 0 and 2 and P by an iterative method.
The results are shown in Fig. 29 for various hydrostatic pressure levels (in relation to yield strength, Y). As the level of hydrostatic pressure increases, the intercept increases and the slope of the fracture line increases above one-half. This is consistent with emperical results.
The measured surface strains and hydrostatic pressure levels determined by the visioplasticity method were combined with theoretical forming-limit diagrams developed from the Cockcroft-Latham criterion.
As shown in Fig. 30 , at 45% height strain for unlubricated specimens, strains are below the fracture line, and no fracture, in fact, was observed. For the lubricated specimens, the strains are above the fracture line, and fractures were observed.
To evaluate the Cockcroft-Latham criterion for nonfree surface fractures, the double-extrusion forging process (recall Fig. 6 ) was carried out with a split billet containing a deformation grid (Fig. 31) . Measurements of the grid displacements on this midplane were made at several increments of deformation, and the visioplasticity method (Ref 10) was used to calculate the strains and hydrostatic pressure at the midpoint. The hydrostatic stress state at the center of the specimen is initially compressive and then reverses, becoming tensile as the flange thickness is reduced and metal flows into the opposing hubs. Meanwhile, the strains at the center are increasing monotonically as deformation progresses. This is illustrated in Fig. 32 by the steps 0, 1, 2, and 3. As deformation proceeds, the strains at the center increase, but the hydrostatic pressure is also increasing, so the fracture line moves upward. Then, as the flange thickness approaches one-half of the hub base diameter (die orifice diameter), the hydrostatic stress becomes tensile. At this point, the fracture line decreases in height, but the strains at the center continue to rise and cross the fracture line, coinciding with the formation of the central burst. The calculated hydrostatic tension at fracture was 0.3 yield stress (Y). This approach could be used for predicting central burst in drawing and extrusion to provide a materialdependent criterion, as opposed to the more simplistic upper-bound and tensile stress criteria described previously.
Frequently, cracks occur during forging on surfaces that are in contact with the dies and then move around a die corner (Fig. 33) . From the observation of a variety of such defects, it appears that a common characteristic is an abrupt change in frictional shear traction distribution in the region of the crack.
A technique for studying die contact surface cracks was developed by means of a disk compression test using dies having a rough surface in the central region and a smooth surface in the outer region. Figure 34 shows the top view of a 6061 aluminum alloy disk compressed between such dies. In the transition region between the rough central die surface and the smooth outer region, radial cracks initiate and propagate outward. Such cracks occurred at approximately 30% reduction when the smooth outer region was lubricated with a synthetic fluorine-containing resin. The cracks occurred at approximately 45% reduction when grease lubrication was used in the outer smooth region. No cracks occurred even for very large reductions when the smooth outer region was not lubricated.
Grid marks placed on the die contact surface of the disks were used to measure the distribution of surface strains in the radial direction. Figure 35 gives an example of such measurements. In the rough central region, the strains are zero, while in the smooth outer region, the strains are equal and constant. In the transition, however, the circumferential strain, e y , jumps abruptly from zero to its constant value in the outer region, and the radial strain, e r , overshoots to a very high value before returning to its constant value in the smooth outer region. The strains shown in Fig. 35 were the same regardless of the friction condition in the smooth outer region. Therefore, fractures in the transition region occur because of the combination of large tensile surface strains and low hydrostatic stress state. This explains the occurrence of cracks at low reduction when a synthetic fluorine-containing resin is used, and no occurrence of fracture when no lubricant is used. The synthetic fluorine-containing resin, having a near-zero friction coefficient, results in very low radial back pressure on the transition region, while grease and no lubricant provide progressively larger back pressures.
By means of visioplasticity analysis (Ref 10), the stresses were determined at the contact surface in the vicinity of the transition region. The resulting normal die pressure plus the surface radial and circumferential strains define the stress and strain states in the transition region and can be illustrated on a forming-limit diagram. Figure 36 shows the change in surface strains and the increase in the fracture line due to increasing normal pressure during compres- sion of a disk with grease lubricant in the outer region (indicated by the increments of reduction to 45%). The fracture line increases due to increasing pressure at a slower rate than the strains increase, and at 45% reduction, the strain path exceeds the fracture line, and cracks are observed. For a synthetic fluorine-containing resin lubricant, the crossover occurs at approximately 30% reduction, while in the case of no lubricant, the fracture line moves progressively away from the strain path.
While these are crude measurements taken at only a few deformation steps, Fig. 32 and 36 do provide some experimental validation of the Cockcroft-Latham fracture line (Fig. 28) , and it would be expected to provide accurate predictions of fracture at any location in a workpiece. A true test of the criterion is to embed it in finite-element codes for prediction of fracture under a variety of metalworking processes. The criterion has become integral to large deformation codes such as DEFORM and MSC.MARC. As a simple example, Fig. 37(a) shows the prediction of fracture at the centerline of a round billet compressed between parallel flat dies (Ref 46, 47) , similar to the geometry shown in Fig. 38 . The damage value is highest at the center and reaches the critical value for fracture. Figure 37(b) shows the same billet between a three-die arrangement. The new deformation geometry reduces the damage level below the critical value for the material.
A further example of application of the Cockcroft-Latham criterion, the DEFORM code for simulation of plastic deformation processes, was applied to axisymmetric extrusion, as shown in Fig. 39 , in which three separate reductions are taken (Ref 48) . The CockcroftLatham criterion was incorporated with the detailed calculation of stresses and strains throughout the extrusion process to indicate regions in which high microstructural damage occurred. It is clear that as the damage increases, central burst is predicted to occur after the third reduction, which is commonly observed.
Another example, shown in Fig. 40 , involves formation of an axisymmetric part formed by back extrusion. Circumferential cracks form on the inside surface of the part at the location identified in Fig. 41 by point P2. Note that P2 is originally under the punch but then moves around the punch radius and up the sidewall of the part, similar to the example shown in Fig. 33 . The calculated damage, according to the Cockcroft-Latham criterion embedded in DEFORM, is shown for P2 in Fig. 42 . Note that the damage is very low as long as P2 is under the punch but increases rapidly as soon as it goes around the punch corner and separates from the punch. This is similar to the experimental measurements and calculations carried out in Fig. 34  through 36 .
Testing precautions must be used in applying the Cockcroft-Latham criterion through finite-element codes. While the codes are capable of producing faithful reproductions of the distributions of stress and strain throughout the workpiece during a metalworking process, accurate prediction of fracture-occurrence location and time still depends on a faithful representation of the fracture phenomenon through the material factor, C. One approach is to use the upset compression test to establish a fracture line for the material, as in Fig. 18-20 , and then perform finite-element analyses of the tests to establish the value of tensile plastic work at which the fractures occur, that is, the value of C.
When considering workability tests, it is important to recognize that fractures initiate in localized regions where interaction between the stress and strain states and the material structure reaches a critical level. Orientation, shape, and volume fraction of inclusions and other microstructural inhomogeneities have a dominant effect on the fracture process. Therefore, it is critically important that workability test specimens contain material having the same microstructural features as the material in the localized, potential fracture regions of the actual process.
Specifically, when evaluating a workpiece for surface fractures, the test specimens used to evaluate C must have surfaces that contain the as-received surface of the workpiece under consideration. The as-received surface may contain laps, seams, a decarburized layer, and so on, which affect fracture initiation. By the same argument, evaluation of material for internal fractures such as central burst must involve test specimens taken from the middle of the workpiece, where, for example, segregation of second phases may have occurred. In this case, bending tests wherein the convex bending surface coincides with the centerline of the workpiece may be the preferred test geometry. Furthermore, because of possible anisotropy effects, orientation of the critical stresses with respect to any inclusion alignment must be the same in the test specimens as it is in the actual process and material of interest. All of these considerations place great importance on correct selection of the test specimen material and geometry to provide a true representation of the tensile plastic energy to fracture. For this purpose, bending as well as compression tests must be considered in preference to tensile testing, because the failure in a tension test occurs by necking instability and involves material that is at the center of the specimen rather than at the surface.
Fundamental Fracture Models
In the current state of fracture prediction in metalworking processes, computer models provide robust simulations of the deformation, stresses, and strains throughout the workpiece, but the material fracture characteristics must be input from data gathered through properly selected test specimens and procedures. New efforts are being made to provide a prediction of the fracture characteristics of a material from knowledge of its microstructural and crystallographic details.
One approach involves the application of finite-element analysis in a multiscaled approach (Ref 49) . Unit cell models are used at each scale to discern the micromechanics of the fracture process. The three scales (Fig. 43) include the atomic distance to assess debonding of particles, the nanometer scale of microvoidnucleating secondary particles, and the micrometer scale of primary void-forming inclusions. One difficulty with the approach involves the distribution of particles. Fracture generally begins at the weakest link of the material, which would be the location of closely spaced particles. For this reason, modeling is performed around clusters of particles having a higher density of particles than the average throughout the material. Another problem involves accurate representation of debonding at particle-matrix interfaces. A first-principles calculation can be used to determine the bonding energy at the interfaces. Then, the particlematrix interface is modeled by the finiteelement code as one-dimensional cohesive elements. Figure 44 shows an example of microvoid formation and coalescence in twodimensional shear deformation. A more longrange approach involves application of firstprinciples-based molecular dynamics calculations to simulate the generation of dislocations around particles, leading to separation of the matrix from the particle and void formation (Ref 50) . Figure 45 illustrates a typical sequence of events in the vicinity of a particle. 
